




Comparison of hydrographs are shown on Fig. 5-
9(A). Columns 5 and 6 of Table 5-5 show the good
ness-of-fit parameters, G, and the ratio Pr of differ
ence of two peaks to the peak of the hydrograph of
equivalent uniform roughness surface. In accordance
with the method used in Section 5.1, G and P are set

e r
at 0.965 and 0.025 respectively. Only the watersheds
with alternate strips of butyl and gravel can be
classified as the surface of equivalent uniform rough
ness. The sums of squares of deviations are given in
column 7, and the relationships of those values to the
number of runs are shown in Fig. 5-10.
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Figure 5-9. Hydrographs of watersheds with randomly
distributed roughness, 6 equal width
strips, 1 = 3 in/hr, D = 90 sec.
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Figure 5-9. (Continued)

Although all of the combinations have an equal
weight of butyle and gravel, the hydrographs of an
equivalent uniform roughness surface do not fit the
actual hydrographs well. The goodness-of-fit parameter
increases or the deviation decreases as the number of

runs increases, i.e., the roughness uniformity
increases as the runs increase.

Reliability of Parameters Estimated by Detention
Storage Approach

All che configurations except the configuration
with alternate strips of two roughnesses do not corre
spond to the equivalent uniform roughness surface. The
hydrographs produced from these configurations cannot
be simulated by a lumped system which considers the
watershed as that of an equivalent uniform

Sum of Squares of Deviations between Hydrographs

Number of Runs of Roughnesses

Deviations between Hydrographs from Distributed System and
from Equivalent Uniform Surface

Deviations between Hydrographs from Distributed System
and from Parameters Estimated from Water Storage

A Maximum Uninterrupted Subsequence of Like
Symbols of Roughness is Called a Run

Figure 5-10. Sum of squares of deviations of
hydrographs vs number of runs. A maxi
mum uninterrupted subsequence of like
symbols of roughness is called a run.

roughness surface. In order to. find the reasonable
estimate of parameters for the watersheds with random
distribution of roughness strips, estimation of param
eters by detention storage was first tested.

When the watershed with a random distribution of

roughness is considered as a lumped system, two un
known parameters, a and m, may be estimated with the
detention storage approach under the two conditions:
(1) the regression line of log Q versus log h passes
through the intersection point of the two regression
lines of basic roughness (log or = -5.074489 + 4.23310
m for the surface composed of butyl and gravel), and
(2) the detention storage at equilibrium reproduced by
the lumped system with estimated or and m is equivalent
to detention storage reproduced by the distributed
system. The estimates or and m so obtained are given
in column 8 of Table 5-5. To test the reliability of
these estimates, hydrographs simulated by or and m are
compared with hydrographs simulated by the distributed
system as shown in Fig. 5-9(B). The goodness of fit
parameter, G, ratio of peak deviation to peak, P , and

the sums of squares of deviations between hydrographs
are given in columns 9, 10, and 11 of Table 5-5.
The relationship of the sum of squares of deviations
to the number of runs is shown in Fig. 5-10. When
hydrographs are simulated by the parameters estimated
from detention storage instead of simulation by an
equivalent uniform roughness, the sums of squares of
deviations are less, thus the values of goodness-of-
fit parameter increase. Although these configurations
do not meet the equivalent uniform roughness condi
tions, the simulation of hydrographs by detention
storage approach can produce hydrographs very similar
to the actual hydrographs. When the number of runs is
greater than or equal to four, goodness-of-fit param
eter is greater than 0.92 and, in general, the simu
lated hydrographs can be accepted.
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Comparison of Observed Hydrographs with Hydrographs
Simulated by Estimated Parameters

Since the Rainfall-Runoff Experimental Facility
data did not include NFUT watersheds with random

distribution of two types of roughness, NFNT water
sheds with random distribution of two types of rough
ness, Configurations 12 and 13 (Fig. 5-11) are select
ed for verifying the reliability of or and m estimated
from detention storage. They consisted of a 30° conic
section with a radius of 110 ft. The conic section

was divided into three equal angle sectors, and then
into eleven equal width strips along each radial
direction, a total of 33 elements with the gravel

2
elements of 20 lbs/yd randomly distributed among the
33 plots, and the numbers of elements of butyl and
gravel about the same.

Grovel 20#'ydz

Butyl

Configuration 12 Configuration 13

Figure 5-11. Configurations of watersheds with random
distribution of roughness.

Estimation of a and m from water storage at
equilibrium:

To select a and m which reproduce the detention
storage most closely of watershed at equilibrium, four
rainfall intensities of 1, 2, 3, and 4 in/hr were
used. The total detention storage of a watershed is
obtained by summing the corresponding detention stor
ages of butyl and gravel surfaces according to their
distribution arrangements. Considering the whole
system as a lumped system, detention storages for
various values of m (with the condition of log a =
-5.074489 + 4.23310 m) are computed and the best-fit
value of m is selected that can reproduce the deten
tion storage closest to the total detention storage of
the watershed. The best-fit values of or and m are
2.8166 and 1.305 respectively for Configuration 12,
and 2.5550 and 1.295 respectively for Configuration
13. Computation results are summarized in Table 5-6.

Comparison of simulated hydrographs with observed
hydrographs:

For Configuration 12, eight hydrographs with
various intensities and durations are used for com
parison (Table 5-6). The observed hydrographs are
well simulated by the estimated or and m. The value of

the objective function is only 7.086 (in/hr) . Some
of the representative hydrographs are shown in Fig.
5-12. The values of goodness-of-fit parameters for
partial equilibrium hydrographs which have peaks
greater than one inch per hour are greater than 0.92.

For Configuration 13, seven hydrographs with
various rainfall intensities and durations are used
for comparison (Table 5-6). The hydrographs simulated
by the estimated or and m do not fit the observed
hydrographs as well as the simulated hydrographs for

Table 5-6. Estimation of parameters for watersheds
with random distribution of roughness
(Configurations 12 and 13).

Detention Storage at Equilibrium

Storaqes (In)
Configurations in./iir 2 in./nr 3 in./hr 4 in./hr Best fit a 4 m

12 035162 .060090 .082281 .102872 a * 2.8166
m ' 1.305

13 036415 .062664 .086144 .107999 a . 2.5550
m = 1.295

Uniform System

a m

.037652

.037014

.036393

.035787

.035196

.034619

.064439

.063216

.062026
.060869
.059742
.058646

.088237

.086458

.084729

.083048

.081415

.079826

.110282

.107956

.105715

.103531

.101409

.099347

2.4334 1.290
2.S550 1.295
2.6826 1.300
2.8166 1.303
2.9572 1.310
3.1049 1.315

Hydrographs Used in Configuration 12 and 13

207 2.207
91 308.47

Configuration 12
](in./hr) .459
D(Sec) 106.34

.459
563.64

1.094 1.094 2
128.63 352.44 93

4.2S0 4.28
63.91 285.84

Equil. or PF
Partial Eq.

G(.)
Pr(3)

E PE

92.0
5.9

E PE E

99.5
2.8

PE E

94.2
2.9

Configuration 13
I(in./hr) -48S
O(Sec) 130.74

.489
447.20

1.069
145.03

1.069 2
384.25 303

349 4.361
96 79.61

4.361
275.16

Equil. or DF
Partial Eq. l

PrC)

E PE

89.33
13.8

E E PE

90.31
19.0

E
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Figure 5-12. Comparison of hydrographs simulated by
estimated a and m with observed
hydrographs.

Configuration 12, but these fits may still be
acceptable. The objective function value is 15.98
(in/hr)2. Some representative hydrographs are shown
in Fig. 5-12. The values of goodness-of-fit parameter
for partial equilibrium hydrographs which have peaks
greater than one inch per hour are around 0.90.
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Chapter VI
APPLICATION OF TWO-PARAMETER MODEL TO NATURAL WATERSHEDS

The results obtained in this study, based on
experimental data, are applied to natural watersheds.
The two basic results are:

(1) The two-parameter model, Q = orh , is sufficiently
good to simulate well the overland flow hydro-
graphs;

(2) For watersheds consisting of surfaces with
various and varying roughnesses, the parameters or
and m for the equivalent uniform roughness sur
face can be estimated by letting the detention
storage at the equilibrium, produced by these
estimated parameters, be equivalent to the deten
tion storage at equilibrium, produced by the
distributed system with known parameters for the
surfaces of various and varying roughnesses.

Data available on roughness are in general
limited to surfaces of uniform roughness over an area.
In simulating the hydrographs of watersheds with
random distribution of surfaces of various and varying
roughnesses, the method of cascade planes can be
applied. However, if a surface consists of a large
number of small plots with various and varying rough
nesses , the cascade method becomes so complicated that
the cost of simulation significantly increases. These
kinds of surfaces are often encountered in agricul
tural land use, such as an area of alternating strip
croppings for soil conservation purposes. For this
case, results of this study can be applied to obtain
the overall parameters by considering the surface as a
single system of equivalent and uniform roughness.
This approach simplifies to a great extent the compu
tations in simulating the hydrographs of natural
watersheds.

To verify the feasibility of this method, a flood
event of June 12, 1957 at a watershed near Coshocton,
Ohio is used for the test. The data are obtained from
"Hydrologic Data for Experimental Agricultural Water
sheds in the United States, 1956-1959," published by
Agricultural Research Service, USDA. The map of the
watershed is shown in Fig. 6-1, with 62.6 percent of
the total catchment area under the counter-strip
cropped with corn-meadow strips (34 percent) and
wheat-meadow strips (28.6 percent). The types of
vegetation are given in Table 6-1. The widths of
alternate strips for corn-meadow and wheat-meadow were
around 100 feet. Program KINGEN75 (Rovey, Woolhiser,
and Smith, 1977) was used for the hydrograph simu
lation. Because sufficient information on the rough
ness and experimental data for estimating parameters
in the two-parameter model for surfaces with various
vegetation over the area were not available, the
Chezy equation was used in simulating the hydrographs.
The values of Chezy's C for surfaces with various
vegetation patterns, as given in Table 6-1, were
estimated from the data in the table on resistance
parameters for overland flow in "Simulation of Un
steady Flow" (Woolhiser, 1975, Unsteady Flow in Open
Channels, Chapter 12). Since the flood event occurred
in June, and there were legumes, grass and weeds of 5
to 6 inches high between the main crops, lower values
of C in the table were chosen.

The watershed was first divided into cascades of
12 rectangular planes contributing to a network of
channels as shown in Fig. 6-1. The schematic repre
sentation of cascade planes and channels is shown in

200 0 ZOO 400
' • • • I • I . I

feet

Contour Inter vol - 20 feet

29 acres

Legend
P Pasture
C Crcpped

CSC Contour Strip Cropped
RF Reforested (Pino)
HVY Hardwoods

0 Roingage
„ Runoff Gage

Figure 6-1. Map of Coshocton watershed, Ohio.

Table 6-1. Description of vegetation on the Coshocton
watershed, Ohio.

Vegetation X Strips Crops Height Estimated
Chezy C

34

corn

corn

weeds

20"

18"
3.6

meadow
legumes,
grass, &
weeds

5" 1.8

28.6

wheat
wheat

legumes,
& grass

30"

5"

2.5

meadow
legumes,
grass, &
weeds

6" 1.8

Wheat 6.8 wheat 30" 2.5

Pasture 8.3

legumes ,„
& grass

weeds 6"
1.8

Hardwood
a Orchard 6.4 2.0

Reforested 10 1.8

Miscellaneous 5.9

Determination of the Overall Discharge Coefficient

3/2 1/2
Since Chezy formula, Q -= Ch ' S ' , is used in

the simulation of hydrographs, a and m in the two-
parameter model are then

-. rcl/2 (6-1)
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Fig. 6-2. The planes PI and P2 were the corn-meadow
area and the planes P3 and P4 were the wheat-meadow
area. Before starting the simulation, the overall
discharge coefficient for those four planes should be
determined by using the technique described in this
study.

PI

! ! !c'm'c im
1 ' I
I i i

P Cascade Plane

C Channel

Vegetation:

P Posture

H Hardwoods

RF Reforested (Pine)
W Wheat

C Corn

M Meadow

Figure 6-2. Schematic representation of cascade
planes and channels.

with S = the slope of the plane, and C = the Chezy
coefficient. Only parameter a remains unknown. The
overall value of a for a compounded plane can be
determined by letting the detention storage of equili
brium, produced by or be equivalent to the accumulated
detention storages in subplanes at equilibrium. As
stated in Section 5.2, the estimates of parameters
from the detention storage are not sensitive to the
difference in rainfall intensity. The rainfall inten
sity of 2 in/hr was used to estimate the overall value
of a from the detention storage.

The cascade planes, PI, P2, P3, and P4 were
divided into subplanes according to the width of
strips, as shown in Fig. 6-2 and given in Table 6-2.
The slope of each subplane was measured and the stor
age in each subplane computed by using the equation

m+1

AS^ 7-
m | 2"*• =J^SiT #1/0 I

L or
o

1/m Ix2

m+1
m

m+1
m

]. (6-2)

1/m
with k = [m/(m+l)] q

plane, x = the distance from the upstream end of the
plane to the upstream end of the subplane, x~ = the

distance from the upstream end of the plane to the
downstream end of the subplane, L = the total length

AS = the storage in a sub-

of the plane, and q = the lateral inflow rate or the
rainfall excess rate. The a value in the above equa
tion for each subplane was obtained from Eq. (6-1).
The overall a was obtained by

Ll/m
S = US = K -°--— ,
t t rl/n '

k m

st °
(6-3)

Table 6-2. Computations of overall parameters for
contour-strip cropped planes.

Plane Section

a • J , q » 2 in/hr.

Unit: ft

Crap C x, S

(ID4)
1 Corn 3.6 100 .09 1.080 1.0526 .2154 .00406

PI 2 Meadow I.S 200 .09 .540 .6631 .4686 .01402
L »390

0
3 Corn 3.6 300 .18 1.527 1.3260 .6604 .00988
4 Meadow l.S 390 .17 .742 .8196 .7374 .01785

Total .131 ".T)458T .8559 2.365

1 Com 3.6 100 .21 1.650 1.3963 .2154 .00265

P2
Lo-450

2 Meadow 1.8 200 .19 .785 .8510 .4686 .00947
3 Corn 3.6 300 .17 1.484 1.3010 .6604 .00873
4 Meadow 1.8 400 .17 .742 .8196 .8271 .01735
5 Corn 3.6 450 .14 1.347 1.2197 .4710 .00664

Total :nw .04434 1.0197 2.404

1 Wheat 2.5 100 .17 1.031 1.0206 .2154 .00430
P3 2 Meadow 1.8 200 .13 .649 .7496 .4686 .01273

Lo-380 3 Nlieat 2.S 300 .12 .866 .9085 .6604 .01480
4 Meadow 1.8 380 .10 .569 .6868 .6492 .01924

Total .136 TRW .7085 1.921

1 Wheat 2.5 100 .16 1.000 1.0000 .2154 .00370

P4
lo.450

2 Headow 1.8 200 .14 .673 .7680 .4686 .01049
3 Wheat 2.5 300 .16 1.000 1.0000 .6604 .01135
4 Meadow 1.8 400 .14 .673 .76CO .8271 .01051
S Wheat 2.5 450 .18 1.061 1.0403 .4710 .00778

Total •.151 .051113 .8206 2.098

The details of computation are given in Table 6-2.
The overall Chezy C was obtained by substituting
or into Eq. (6-1) and then given in Table 6-3.

Table 6-3. Dimensions, areas, slopes, vegetation, and
Chezy C for cascade planes and channels.

Element
Number*

Length
(ft)

Width**
(ft)

Area

ft2 I
Vegetation Chdzy

c***
Slope

(10<)

PI 390 420 16.380 13.0 Corn-meadow 2.365 .131

P2 450 600 27.000 21.4 Corn-meadow 2.404 .180

P3 380 350 13.300 10.5 Wheat-meadow 1.921 .136

P4 450 500 22.500 17.8 Wheat-meadow 2.098 .153

P5 300 200 6.000 4.8 Pasture 1.8 .182

P6 225 310 6.980 5.5 Pasture 1.8 .200

P7 490 275 13.470 10.7 Wheat 2.5 .160

P8 245 510 12.495 9.9 Reforested 1.8 .267

P9 40 530 2.120 1.7 Hardwoods 2.0 .133

P10 25 470 1.175 .9 Hardwoods 2.0 .100

P11 30 470 1.410 1.1 Hardwoods 2.0 .100

P12 65 530 3.445 2.7 Hardwoods 2.0 .154

CI 3 130 2.0 20 .08

CI 4 550 3.0 30 .055

CI 5 500 4.0 35 .045

C16 500 3.0 20 .055

CI 7 50 5.0 40 .055

Total 126.3 100

* P • Plane, C • Channel with 1 to 1 side slope.
** Widths of planes or bottom widths of channels.
*** Estimations of C forPI, P2, P3, and P4 refer to Table 6-2.
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Simulation of Hydrographs

Dimensions, areas, slopes, and vegetation, as
well as the estimated Chezy C for the elements in the
system, are given in Table 6-3. The soil texture
consists of 37 percent of mixed silt loams, 26 percent
of Keene silt load, 16 percent of Muskingum silt loam,
and 21 percent of Muskingum loam. Since no experimen
tal data are available for infiltration, the param
eters of infiltration function are assumed and several
trial computations made to estimate reasonably the
parameters, giving the outflow volume equal to the
outflow volume of the observed hydrograph. Defini
tions of infiltration parameters in KINGEN 75 Program
(Rovey, et al., 1977), and the estimated values of
parameters are as follows: AL = the exponent param
eter for decay curve =0.6; B = the ponding time
parameter =2.0; C = the infiltration scaling param
eter = 3000 min; SI = the initial volumetric relative
water content =0.5; SMAX = the maximum volumetric
water content under imbibition =1.0; ROC = the volu
metric relative rock content = 0; and FMIN = the
minimum infiltrate rate at steady state condition for
a plane =0.28 in/hr.

The precipitation record and the observed
hydrograph, as well as the simulated hydrograph, are
shown in Fig. 6-3. The simulated hydrograph fits well
the observed hydrograph.

Observed Hydrograph

o Simulaled Hydroaroph

Figure 6-3. Observed and simulated hydrographs of the
event of June 12, 1957, Coshocton water
shed, Ohio.

Comparison Between the Hydrograph Obtained by the
Distributed System and the Hydrograph Obtained by
Using the Overall Value of a

Planes PI, P2, P3, and P4 are considered as
single planes in the simulation of the above hydro-
graph. In order to demonstrate the feasibility of the

method by using the overall parameter estimated from
detention storage, comparisons are made between the
hydrographs obtained by the distributed system and the
hydrographs obtained by using the overall or, for those
four planes, as shown in Fig. 6-4. The results show
that the hydrographs simulated by using the overall
values of a are almost identical to the hydrographs
simulated by the distributed systems. This example
demonstrates that the method of obtaining overall
parameters from the detention storage is effective.
By using the overall parameters, this method greatly
simplifies computations in simulating the hydrographs
and makes the simulation very efficient.

o Simulation by Overall a

• Simu otion by Distributed
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Figure 6-4. Hydrographs simulated by using the
overall parameter and by using the dis
tributed system for contour-strip cropped
planes.
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Chapter VII
CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

(1) A three-parameter model for hydraulic
resistance, postulated by assuming a flow through a
set of parallel channels with negative exponential
distribution of widths and equal water depth in the
channels, more precisely describes the relationship
between the discharge, Q, and the equivalent water
depth, h, for various kinds of roughness over a wide
range of discharge than the two-parameter model, Q =

orhm, does. The three-parameter model may be applied
to the effects on the hydrographs of changing land
use, as well as for the precise estimation of sediment
transport in overland flow.

(2) The two-parameter model requires much less
computer time for simulation of hydrographs in compar
ison with the three-parameter model. When only the
high flows of hydrographs are important in hydrologic
analysis, the two-parameter model is simpler and less
expensive to use and implement in hydrograph
simulation.

(3) An equivalent uniform roughness can be used
for a watershed with nonuniform roughness over its
surface if the hydrographs from this watershed are
proved to be equivalent to the hydrographs of a water
shed of equivalent uniform roughness for identical
rainfall excess patterns. The factors which affect
the application of the equivalent uniform roughness
concept are the differences between roughnesses,
relative subarca of a given constant roughnesses, and
the size of these uniform roughness subareas.

(4) For the experimental watersheds composed of
alternating strips of gravel and butyl surfaces, this
study shows that the linear uniformity of roughness in
flow direction is much more important than the areal
uniformity of roughness for applying the equivalent
uniform roughness concept.

(5) For a watershed composed of equal width
alternate strips of two roughness surfaces along the
flow direction, the watershed can be approximated by
an equivalent uniform roughness surface, if the width
of strips is less than or equal to one-sixth of total
flow length.

(6) The lumped parameters or and m of the two-
parameter model for a watershed of equivalent uniform
roughness surface with equal weights of two rough
nesses can be estimated by selecting or and m which
reproduce the equilibrium detention storage equivalent
to the average of the equilibrium detention storages
produced by the two uniform roughness surfaces of the
basic roughnesses.

(7) For a watershed composed of randomly
distributed surface elements of two roughnesses, or and
m can also be approximated by selecting the values of
or and m which reproduce the equivalent detention

storage matching the equilibrium detention storage
produced by the watershed of randomly distributed
roughness with distributed system. For a watershed
composed of six equal width strips, three gravel
strips and three butyl strips, this method is appli
cable if the number of changes of roughness along the
flow direction is greater than three.

(8) For watersheds with nonuniform roughness in
the direction normal to the basic flow direction,
hydrographs can be simulated by using a distributed
system, i.e., by combining the hydrographs produced by
the individual surface elements.

7.2 Recommendation for Additional Work

The effects of spatial variability of roughness
on the runoff hydrographs have been investigated in
this study for watersheds consisting of two roughness
surface elements: (1) butyl surface, and (2) surface
of 1-1/2" diameter gravel with the density of 20

o

lbs/yd . These two surface elements have significant
ly different roughnesses. For a watershed with alter
nate equal width strips of butyl and gravel surface
elements, it was shown in this study that the concept
of an equivalent uniform roughness surface can be
applied, and the hydrographs well simulated by assum
ing the watershed as having a uniform roughness, when
the width of strips is less than or equal one sixth of
total flow length. As stated in Section 1.2, the size
of strips in applying the concept of an equivalent
uniform roughness surface is related to the difference
between two roughnesses and to relative weights of two
roughnesses. Further investigations might search for
the relationship among these three factors.

A runoff hydrograph from a watershed with surface
depressions may be much different from a hydrograph
from a surface having the upright obstructions. The
rising limb of the hydrograph starts late and the flow
rapidly increases after depressions are completely
filled. A further investigation may search for an
adequate hydraulic resistance model for a surface with
depressions and determine the effects of its spatial
variability on hydrographs. This kind of surface
often exists in the area of contour cropping where the
contour ridges of farming run along the contour lines
of the topography.

In application of the methods used in this study
for simulation of hydrographs, the time of travel of
overland flow for the watershed with various vegeta
tion strips can be estimated. Consequently, the
effect of vegetation management on flow retardation
may be investigated. This would provide some useful
information for evaluating the effects of vegetation
buffer strips in controlling the non-point sources of
pollution.
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APPENDIX A

OUTFLOW DISCHARGE CORRECTION

The outflow systems of the rectangular section
and the conic section are shown in Fig. A-l(A) and
(C). The outflow hydrograph observed at the end of
the measuring flumes should be corrected for storage,
so that it becomes the outflow hydrograph at the end
of the experimental watershed. Since rectangular
watershed has a converging section between the water
shed and the flume, the corrections for both the dis
charge at the converging section and the flume are
required. The conic section required only the correc
tion at the flume.

3.02

"")»»"»>»»&
2%---T°

Level

(a) Tronsilion for Rectangular Section

1.

l-.,

•J,
27. Level '}

(b) 0.6' HS Flume for Rectongulor Section

(c) 1.5' H Flume for Conic Section

Figure A-l. Outflow systems of rectangular and conic
section.

A.l Correction of Discharge for Storage Effect in
Flume

The most common reservoir flood routing method is
used for this correction, namely

I • At - 0 • At = AS

|(Ix +I2) At -\ (0X +02) At =S2 -Sx

h = k&2- V + °1 + °2 " h (A-l)

in which, I = the inflow rate into the reservoir,
0 = the outflow rate from the reservoir, S = the
storage, At = the constant time increment in routing,
and subscripts 1 and 2 refer to the beginning and the
end of a time increment. The difficulties in routing
from the downstream hydrograph to the upstream hydro-
graph are that the routed hydrograph will oscillate
strongly if there is a slight oscillation in the

relationship of storage versus time due to
measurement errors. The storage should be smoothed
out first by following Eq. (A-2), as schematically
shown in Fig. A-2. Let the subscript n be the index
of the time increment,

S'n =\ £ (Sn-l + Sn)+Z(Sn+ W1 (A-2)

with S = the storage in the flume from the observed
n

stage in the flume, and S1 = the corrected storage

to be used in the routing. The error in estimation
of the inflow at the beginning portion will also
cause an exaggeration of the oscillation in the
latter portion. In order to avoid an exaggeration of
this oscillation, the average of the two successively
computed discharges was taken for computation in the
next step as follows. The basic equations are:

2At *I«n-l +W "2At \ (°n-l +°n+l> =

n+1 n-1

Jn+1 ~ At (Sn+l S ,)+0 ,+0..-1 ,
n-1 n-1 n+1 n-1

\ - \ (In-l +W (A-3)

Assuming I =0, I' = the computed inflow rate

before taking the average, I = the inflow rate after

taking average and to be used in the routing, the
steps of computations are as follows:

l2 ~ At (S2

h - i«.

S ) + 0 + 0o
o o 2

xi>

V V3 =It <S3 "V +°1 +°3 " h

I2 =1(1^ V3)

V J4 = At (S4 " V + °2 + °4 " l2

h =f <*2 + V

and so on. The computation steps are schematically
shown in Fig. A-2. The inflow hydrograph so obtained
will be the outflow hydrograph of the watershed at
the upstream end of the flume.

A.2 Correction of Time Lag in Converging Section

Because the converging section had a cover on
it, there was no lateral inflow into the section.
The inflow from the upstream end of the converging
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section went over the dry surface at the beginning.
This caused a surge wave at the very beginning of the
hydrograph, for which the analytical solution of the
kinematic wave equations may not be applied.

Original Storage Curve
0--0- --o Storage Curve After

Smoothed Out -

%vy^s'A
V^>s2

V

(a) Storoge Curve Smoothing

(b) Steps of Inflow Routing

Figure A-2. Schematical representation of storage
curve smoothing and steps of inflow
routing.

However, considering the whole hydrograph, the
analytical solution may be applied because the errors
at the very beginning will not affect the total
hydrograph very much. The time lag was divided into
two parts: the time lag in the converging section,
and the time lag in the upstream part of the flume
where no storage occurred.

Converging Section

The converging section was approximated by a
conic section as shown in Fig. A-3(A). The equation
of continuity for the converging section with zero
lateral inflow is

and

9h 3(uh) _ uh
3t 8x " (Lq - x)

ra-1
u = ah

(A-4)

(A-5)

in which, h = the water depth, u = the velocity,
and m = constants, and L and x = defined in Fig.

A-3(B). The characteristic equations are

and

% =ctmh10"1dt

dh

dt "L
ah"

(A-6)

(A-7)

The analytical solution shown above* can be employed
only when or and m are constant over the surface.
Since the laminar-turbulent friction, law was used for
determining or and m , the length in the x-direction

(o) Approximation of Trapezoidal lb) Variables of Conic Section
Section by Conic Section

Log f

400
Log H,

f:Darcy-V/eisbach fnel.on coefficient

(c) Resistonce Low for Transition (d) Variables of Increments
Conic Section

Figure A-3. Resistance law used in the transition
for rectangular section.

was divided into small segments for integration. For
convenience, (L - x) in the above equation is de

noted by x in the following computation as shown in
Fig. A-3(D). The characteristic equations are:

dx

dt
=

• m-
-ormh

•1

dh

dt =

ah

X

dh _ _ h_

(A-8)

(A-9)

(A-10)

Taking a section between x. and x_ and integrating

Eq. (A-10), then:

um
1 X2

~Z ~ — orxh =xh = constant through x along
h2 1 11 2 2 the character line.

2roc,0
1_% *,m

360

2nx 8

a( ) hx = a( 36Q ) h2 = Total discharge = Q

(A-ll)
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Let For each segment, the lag time is

Q«- *zn Q*. o„n 2m-l 2m-lK - v hm - v r,m - * . 360 - t . r 27t6K- x^ - x2h2 - - m - ^- and C= 555,

dx

m mAt = = 1(xx » -x2 m).
(A-12) (2m-l)a1/m(Qt/C)1 'm

h_ ,Ka/m (A-14)
x

For an outflow discharge Q the total time lag in the
Substituting Eq. (A-12) into Eq. (A-8J, then converging section may be obtained by adding At in

segments.
m-1 m-»l

dx „_ /-Kn m .. 1 m ,
^ - -orm C"^ , dt = ^ x dx Rectangular Section

v m
0(111 K Because of the concentration of flow in the

flume, only the turbulent friction law is used. The
t. x„ m-1 characteristic equations for the rectangular section
'2 •• '2 are:

I '"^--ki »•
t, v m x„ q m-1 1

^ - am h - crm^) =a m(^-) m- K 2 dx __ _m-l __A ,V i \i -I

2m-1 2m-1

t- ♦• — 1 m ( m m <•.
Vh rFI * 2i-T U2 " xl } At = L

47

maK m °^j1"i
2m-*l 2^-1 with w- the width of flume L = the length of flume

m-1 *• 1 " x2 J excluding the part which has storage,, and t = the time
f2 n „ m la8 in flume. Computations showed that the time lag
1- ij in the upstream part of the flume is very small and

negligible due to the concentration of the flow.
2m-l 2m-1

m-1 Ul *i >
(2m-l)a1/m(Qt/C) m
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